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RESEARCH MEMORANDUM

INVESTIGATION OF TWO-STAGE ATR-COOLED TURBINE
SUITABLE FOR FLIGHT AT MACH NUMBER OF Z.5
I - VELOCITY-DIAGRAM STUDY

By James W. Miser and Warner L. Stewart

SUMMARY

For g set of engine conditions sultable for flight at & Mach number
of 2.5, a two-stage air-cooled turbine configuration and its velocity
diagrams are evolved for use in the design of blade shapes. The method
used to determine the velocity diagrams is one in which the turbine
frontal ares and the rotor hub inlet and outlet velocities are minimized
by varying the hub-tip ratio, the turbine- to compressor-tip-diameter
ratio, and the work split between the first and second stages.

The final two-stage turbine design has a turbine frontal ares that
is only 15 percent larger than that of the compressor and has both rotors
operating at hub inlet and outlet relative critical velocity ratios of
about 0.75. A comparlson of the two~stage turbine with a one-stage tur-
bine with and without a downstream stator showed that the fronitsl areas
of the latter. two conflgurations were considerably larger and their ve-~
loecity levels were more critical. An investigation of & three-stage tur-
bine showed that it was more conservative than desired, and i1t was not
an improvement over the two-stage design considering the aerodynamic
limits specified and the difference in the turbine-cooling requirements.

INTRODUCTTION

At the NACA Lewis laboratory sn investigation is being made of the
problems that arise in engines suitable for high flight speeds. The
basic problem is to obtain maximum thrust for minimm engine weight and
drag with an engine which is sultable for tekeoff and design flight
speeds and which has a low speciflc fuel consumption at crulsing condi-
tions. One such powerplant configuration that has been analyzed is the
subject axial-flow turbojet engline which is suiteble for flight at a
Mach number of 2.5.
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In order to obtain a high thrust capacity in the engine, the design
turbine-inlet total temperature was specified to be 2500° R, which seemed
t0 be a practical limlt for which excessive amounts of air would not be
required for cocoling the turblne blades. Use of such a high turbine-
inlet temperature with the blade materiaels presently availlable requires
that some effective means of cooling the turbine blades be employed.

The method of turbine cooling that seems most promising is intermal blade
cooling with air ducted from the compressor discharge. In order to simpli-
fy this type of cooling configuration, the cooling air is exhausted fram
the blades into the mainstream of the turblne. Because the effect of this
cooling alr on the turbine aerodynamic performance is not known, a cold-
alr investigation of the turbine is belng made.

This report presents a veloclty-diagram study which was made in
order to reduce the turbine frontal area without penalizing turbine per-
formence. On the basls of the results of this analysis, final turbine
hub and tip configurations and blade-sectlon velocity dlagrams are
evolved for use in the design of blade shapes.

SYMBOLS

The following symbols are used in this report:

A frontal area, sq ft

c,  specific heat at constant pressure, Btu/(1b) (°F)

d tip diemeter, Iin.
parameter used in rating compressor and turbine WUE
£ fuel=air ratio
g acceleration due to gravity, 32.17 ft/sec2
Aht specific work output, Btu/lb
J mechanical equivalent of heét, 778.2 f£t-1b/Btu
K constant in eq.'(é) representing 288g/PVU§’C, sq in./1b
P absolute pressure, 1b/sq hig A
R gas constant, ft/oR

STTY
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r radius, ft

T absolute temperature, Sr

U rotor-blade speed, ft/sec

v absolute gas velocity, ft/sec

W relaetive gas velocity, ft/sec

W weight flow, lb/sec

r density of blade metal, lb/cu ft

T ratio of specific heats

ratio of compressor-inlet-alr total pressure to NACA standard sea-
level pressure of 2116.22 1b/sq ft, Pé,i/rsl
adisebatic efficiency

®.r squered ratio of critical veloclty at inlet of compressor or tur-
bine (as indicated by subscripts) to critical veloclty at NACA
standard sea-level conditions,(vcr/vcr,si)2

P gas density, lb/cu b

T rotor-blade hub stress, 1lb/eq in.

® ratio of turbine cooling alr to compressor-inlet weight Tlow

¥ ratio of tapered-blade to untapered-blade hub stress

Subscripts:

B Egrner

C compressor

er con@itions at Mach number of 1.0

h hub

i inlet -

i} mean

o outlet
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8l NACA standard sea-level conditions
T turbine
t tip

u tangential

X axial

o station at turbine entrance

1 station at outlet of flrst-stage stator
2 station at outlet of first-stage rotor

3 station at outlet of second-stage stator
4 station at outlet of second-stage rotor

Superscript:

' absolute total state

REQUIREMENTS, LIMITATIONS, AND ASSUMPTIONS

The scope of thls investigation is limited to an investlgstion of
the aerodynamic performence of the turbine; therefore, only engine re-
quirements used in the turbine design, the limitations on the turbine
aerodynamic design, and the turbine design assumptions are discussed
subsequently.

Engine Design Requlirements

The design requirements of the subject engine are based on the re-
sults ofa detalled analysis. Because the method of determining the
engine design requirements is beyond the scope of this investigation and
was influenced by the characteristics desired in each of the major en-
gine ccmponents, a complete history of the engine development is not
given. However, a brief discussion of the engine requirements that di-
rectly affect the turbine is given subsequently.

On the baslis of past experience wilith compressors, it was felt that
a compressor equlvalent weight flow per unit frontal area of 37.5 pounds
per second per square foot would not penalize the compressor performance
and would result in a low drag per unit frontal area. The value of

9TT¥
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parsmeter e (see ref. 1), which i1s the product of the equivalent weilght
flow per unit frontasl area and the square of the equivalent blade tip
speed, that was selected for the compressor was 44.1 million pounds per
second”, corresponding to a compressor-inlet relative Mach number of 1.2
and a compressor hub-tip ratio of 0.4 (see fig. 3{(a) of ref. 1). The
selection of the preceding two values then determines g value of the
compressor design equivalent blade tip speed of 1085 feet per second.

The maximum mechanical blade tip speed for a turbine with a frontal
area equal to that of the compressor and an allowable blade hub stress
of 40,000 pounds per square inch was calculated to be 1146 feet per
second, which corresponds to the compressor design equivalent blade tip
speed of 1085 feet per second at a £light Mach number of 1.53 and an
altitude of 35,330 feet. The engine was thus designed with the assump-~
tion that from sea-level takeoff to a flight Mach number of 1.53 at
35,330 feet, the compressor would operate at a design equivalent blade
tip speed of 1085 feet per second and deslgn equivelent weight flow per
unit frontal area of 37.5 pounds per second per square foot. For higher
flight Mach numbers, it was assumed that the compressor would operate at
a constant mechanical blade tip speed of 1146 feet per second. By assum~
ing that the turbine will operate at a constant inlet total temperature
of 2500° R, then the constant compressor blade tip speed of 1146 feet per
second determines a constant turbine equivalent blade tip speed for a
given turbine tip dlameter. From a preliminary snalysis, it was deter-
mined that the turbine would operate at almost constant specific work
over the range of flight Mach numbers from 1.53 to 2.5; therefore, the
turbine design was based on conditions at a flight Mach number of 2.0
and a compressor blade tip speed of 1146 feet per second.

For the compressor selected, the compressor pressure ratioc at the
turbine design flight Mach number of 2.0 is 5.86 at about SO percent of
compressor design equivalent blade tip speed. At a flight Mach number
of 2.5, this same compressor would develop a pressure ratio of about 4.5
at about 80 percent of the compressor design equivalent blade tip speed.
Thus, at a flight Mach number of 2.5, the coampressor would be well out
of the stall region; and it should give good performance up to, and even
above, this Mach number.

On the basis of the assumptions of reference 1, it is possible then
to predict same of the characteristics of a turbine designed to operate
at the preceding specified conditions. For the engine temperature ratio
of sbout 3.5 at a £light Mach number of 2.0 and a compressor pressure
ratio of 5.86, figure 4(d) of reference 1 indicetes that a conservative
one-spool two-stage turbine with an allowable blade hub stress of 40,000
pounds per square inch would have & turbine equivelent weight flow per
unit turbine frontel area of 30 pounds per second per square foot. Since
thie value is almost equal to 32.8 pounds per second per sguare foot for
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the compressor at turbine deslgn operating conditions, s two-stage tur-
bine could be used which is slightly larger than the compressor with the
turbine operating at turbine deslgn. hub relative Mach numbers between
0.6 and 0.8.

The deslign requirements specified for the design of the turbine at
a flight Maech number of 2.0 at 35,330 feet are:
Turbine-inlet total temperature, T§, R v i vt e e e e e e e .. 2500
Compressor-outlet to -inlet total-pressure ratio, (Pé/Pi)C 5.86
Burner-outlet to -inlet total-pressure ratio, (Pé/Pi)B' « e e e o 0.95
Compressor adiabatic efficiency, Mo « o ¢ « ¢ o ¢ ¢ o o o o o o & 0.85

Vo V@
Compressor equivalent welght flow, ——-EE%ELQ, 1b/(sec)(sq £ft) . . 32.80

Ratio of turbine cooling eir to compressor-inlet weight flow, ¢ . 0.09
Fuel"air I'atiO, f . . 3 . . . . 3 . L) - . L] 3 . . . . . - . - 0-0204
Compressor tip diameter, dC, in. . . ¢ . s ¢ o« o « = s« « o« 28,00

Compressor equivalent blade tip speed, Ut, c/4ﬁ§cr Cc, ft/sec . . . 981.5

In order to operate a turblne at the high inlet total tempersture
of 2500° R, presently known turbine blade materials must be cooled. In
order that the required amount of coolsnt would be reduced, the maximum
blade hub stress T was specified to be 40,000 pounds per square inch.
Throughout the subject report, this limit on. T will be assumed. For
such a high value of 7%, the turbine blades would have to be effectively
cooled by some means such as lnternal gilr cooling. This type of cooling
configuration is considerably simplified by allowing the cooling alr for
the blade rows downstream of the first-stage stator to flow ocut of the
bledes and mix with the mainstream of the turbine gas flow; therefore,
this type of cooling-ailr configuration was adopted.

On the basls of preliminary calculations using the cooling-air con-
figuration mentioned, the following estimates are glven for the cooling-
alir regquirements for the two-stage turbine discussed herein 1n terms of
the ratioc of turbine cooling air to compressor-inlet welght flow ¢

First-stage stator, ®; . . .. .. ... . 0.025 (exhausted overboard)

First-stagerotor,q)z...................... 0.020
Second-stage stator,tp5 e e e e e s s s s s s s e s 0 s e o 0,025

Second—st&ge I‘OtOI‘, (P4- - ) [ ] . ] . . - . . . . . . [ . - - - ] L) 0.020

Any smaell change in the cooling-air requirements for any blade row would
have & small effect on the veloclty diasgrams; therefore, the cooling-alir

assumptions gre satisfactory for the purpose of the subject investigation.

QrTs
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Aerodynamic Limitations-

While it was desired that the turbine design should not be too con-
servative for the flight conditions specified, it was felt that certain
limitations should be placed on the flow conditions within the turbine
to ensure a good aerodynamic design. These limitations were based on
values considered to be liberal but yet conservative enough to avoid im-
posing unnecessary penalties on the aerodynamic performence.

In order to avoid the possibility of the turbine operating in the
limiting-loading range at design speed and work, the turbine-exit axial
critical veloecity ratio (Vk/vcr)é was limited to a maximm of 0.6, as

compared with the limiting-loading condition of (V,/V..)s equal to ap-

proximately 0.7. The value of 0.6 was considered to be canservative
enough to accommodate the large amount of cooling air required even
though the effect of the cooling air is not known.

In order to avoid any unnecessary surface decelergtions on the blade
surface, it was prescribed that the hub inlet relative velocity should
be approximately equal to that at the hub outlet. This stipulation on
the hub velocities then resulted in reaction conditions at other radii
for the free-vortex design used herein.

Because the size of the turbine is of great importance owing to
drag at a flight Mach number of 2.5, a slight amount of turbine exit
whirl was employed to provide a larger change in whirl through the
second-stage rotor, which permits a reduction in turbine tip diameter
for the impulse conditions specified at the rotor hub. This exit whirl
was specified by a value of the tangential critical velocity ratioc at
the turbine-exit mean radius (Vu/vcr)m,é which was assumed to be -0.1,

the negative sign lndicating the direction opposite to that of the wheel
rotation.

In the analysis, the work of each stage was adjusted until the ve-
locity level in the first-stage rotor was approximately equal to that in
the second-stage rotor in order to avold unnecessarily high velocities
in either stage and the additional losses associated with them.

During the analysis, the hub-tip ratic was not allowed to vary too
greatly from the inlet to the outlet of a blade row in order to avoid
difficult three-dimensional design problems.

Design Assumptions

In order to design a two-stege turbine, it is necesgsaxry to assume
certain efficiencies that might be expected for each stage. Even though
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the effect of the cooling air on the meinstream flow through the turbine

is not known, s falrly good adiabatic efficiency of 0.85 was assumed -
fram the turbine inlet to the outlet of the first stage and from the in-

let to the outlet of the turbine. This assumption resulis in a slightly

lower stage efflclency for the second stage.

In order to calculate a total pressure at the outlet of each stator,
the stator cutlet total pressure is assumed equal to 0.97 of the stator
inlet total pressure for each stage.

AT

For the turbine-inlet total temperature of 2500° R and the assumed
fuel-alr ratio, the values assumed for the ratio of specific heats ¥y
end the specific heat at constant pressure cP are 1.3 and 0.2874,
respectively.

The adopted cooling-air configuration may have many effects on the
turbine aerodynamic performance; however, in the design it was assumed
that the cooling alr entering within a given blade row would only dis-
place the malnstream and would not do eny work within the hlade row.
Downstream of the exit of the blade row where the cooling alr entered,
the cooling alr was assumed to have the same propertlies as the malinstream
and was assumed to flow in the direction of the mainstream. In either
a cold-alr test of the turbine or in a test of an actual engine at de-
sign operating conditions, the total temperature and total pressure of
the coocling alr would probably not be too far different from those of
the mainstream of the turbine. Therefore, the preceding assumption re-
garding the cooling sir is consldered to he reasonable.

ANATYSIS OF TURBINE VELOCITY DIAGRAMS

During the anelysis, the requirements, limitations, and assumptions
given in the previous section willl be adhered to in determining the best
possible configuration. In the preliminary steps of the analysis, a con-~
stant turbine tip diameter 1s assumed. This assumpiion affects the tur-
bine size and velocity level to only a small degree; but it, of course,
penalizes the hub contour by necessitating large changes in the hub-tip
ratio from statlion to station. After the preliminary analysis of the
turbine is completed, subsequent varlations of the tip diameter from sta-
tion to station are made to alleviate any hub or tip combour problem.

Preliminsry Two-Stage Turbine Design
The first step in the investigation is to assume a work split be-

tween the two stages. As the work of the first stage 1s Iincreased, the
velocity level in the first-stage rotor increases and the reaction of .
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the second-stage stator decreases. Therefore, cslculations were made to
determine the best configuration for each value of work split chosen, and
then a work split was selected which resulted in spproximately equsl hub
velocltles in the first- and second-stage rotors and satisfactory re-
action across the second-stage stator. The ratio of first- to second-
stage work that seemed most satisfactory was 60:40, and a discussion of
the determination of the best configurstion for this work split is given
subsequently. The method used for the 60:40 work split is simllar to
that used for other work splits which were compared; therefore, only the
calculations based on the 60:40 work split are outlined.

It should be noted throughout the report that the rotor-blade hub
stress is a maximum at the turbine exit, where the annular ares is a
maximum. Therefore, once the turbine-exit geometry is determined, no
further consideration is given to the problem of rotor-blade hub stress
at other stations in the turbine. The equation for the rotor-blade hub
stress T given by equation (8) of reference 2 is

ryu2 N2
t,T h
T = Sgee{l -\m (1)
288g T
In this equation the followlng quantities are assumed to be constant:

Density of blade metal, T', 1b/cu £t « + « « « o « o o = o « + » . . 494
Ratio of tapered-blade to untapered-blade hub stress, ¥ . . « . . 0.738

Because the compressor blade tip speed Ut,C is specified to be 1146
Teet per second, the turbine blade tip speed can be related to Ut,C by
the turbine- to compressor-tip-diameter ratio as follows:

Ug,p = Ui,c(%%) (2)

Equation (1) can then be expressed as

-~ s | (]

In this analysis, the maximm alloweble rotor-blade hub stress T was
previously specified to be 40,000 pounds per square inch. Therefore,
equation (3) can be rearranged In such a way that the minimm hub-tip
ratio can be determined for given values of turbine- to -compressor-tip-
diameter ratio dT/dc and rotor-blade hub stress <« where all other



10 A NACA RM ES6H14

factors in equation (3) are considered constant and are presented by
the term K &as follows:

r 1/2
Tn [, k3t T/

de
From equation (4) it can be seen that for each value of dT/dC there
is & corresponding velue of the hub-tip ratio for a glven «%.

(4)

Next, consider the welght flow parameter at the mean radius which
for free-vortex veloclity diagrams 1s closely approximated by

PVy _ W 3
(P'Vcr)m o crAT[l _(%)z] (5)

where

2
Vor =A7 3 1 &'

Because the compressor frontal area Ap 1s considered comstent, and
known, 1t is convenient to express the turbine frontal area as

dp
= adZ)
Then equation (5) can be rewritten as

PE) - e ()
i) B

Now, by substltuting equation (4) into equation (6), the welght flow

parameter is given by
( per> - wn/Ag (7)
P'Vor/fm PV KT

9T
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Therefore, from equation (7) it can be seen that for a constant rotor-
blade hub stress T the value of the weight flow parameter is inde-
pendent of changes in the turbine- to compressor-tip-diasmeter ratio.

Por constent values of the weight flow parameter and the rotor exit
whirl at the mean section, en increase in the turbine tip diameter in-
creases the rotor-blade speed U, which resulte in an lncrease in the
relative veloclities at the rotor exit. Thus, the value of the rotor hub
outlet relative velocity ‘fh,é increases wilith dlameter, as showm by

figure 1(a).
In order to determine the effect of changes in the turbine tip diam-

eter and rotor inlet hub-tip ratio on the second-stage rotor inlet ve-
locities, first conslder the Euler work equation

(uv)), = - (UV)
Ahé,4 - u‘m,3 5 u'm,4 (8)

Rearranging the equation gives
1
. - gJ A}n:,),4 + (Wu)m,4
u,m -
s Up,3

Now, with Ahz 4 and Vy p,4 both specified as constant, and Uy 4
given by a combination of equaticns (2) and (4) to be equal to

(8a)

. l/2
R P P <. / v (o
m,4& ~ 2 T Jap\2 t,C\dg
&)
then for each value of dT/dC and (rh rt)3 a value of V’u,m,3 can be

obtained from equation (8a). Using values of second-stage rotor inlet
welght flow, totel temperature, and total pressure celculated on the

basis of assumptions previously discussed, & welght flow parameter at
the second-stage rotor inlet meen radius (pvx/p‘V(.‘I.)m‘,-_:J can be calcu-

lated by equation {(6) for selected values of hub-tip ratio rh/zuG and

the turbine- t0 compressor-tip-diameter ratio dT/dC. For each set of

values of Vy , z and (pVx/p'Vcr)m,s, the rotor inlet velocity diagram
et any radius can be obtained assuming a free-vortex design.

The effects of increasing the value of dT/d.c while holding rh/rt
constant are a decrease in the rotor inlet weight flow para.metér
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pVx/p'Vcr)m,s (see eq. (6)) and a decrease in the required change in
whirl with increase in the mean wheel speed U, (see eq. (8)). The cam-
bination of the decrease in the welght flow parameter and whirl at the
rotor inlet results in a decrease in the rotor inlet axial velocity
Vk 3 and the rotor hub inlet relative velocilty Wh,s, as shown 1in fig-
ure 2(a).

The-effects of increaslng the value of rh/rt while holding dT/dC
constant are an increase in the weight flow parameter and the axiasl ve-
locity Vx,3 and a decrease in the required change in whirl with in-
crease in the mean wheel speed Up (see eq. (8)). The combination of

these two effects results in the change in the rotor hub inlet relative
velocity Wy z shown in figure 2(b), which is based on a dT/dC of

1.00. It should be noted in both figures 2(b) and (c) that Wy, reaches

a minimum as rh/rt varies; thus an attempt will be made to utilize a
hub-tlp ratio that corresponds to & value of (W/Wcr)h,s thet is near
the minimum.

In order to determine a turbine- to compressor-tip-diameter ratlo
and second-stage rotor inlet and outlet hub-tip ratlos that will result
in a turbine of minimum size and good hub contouring, the curves of fig-
ures 1(b) esnd 2(c) are replotted in figure 3. It can be seen that for
& dp/dg of 1.00 the values of (W/Wop)p 3z would exceed (W/Wopln 4 bY

about 0.1 in any case, snd thus large surface diffusions would result
and the design conditions could not be met. For a value of dT/dC of

1.10, the values of (W/W, )h z are less than for (W/W, h 4; therefore,

1little surface diffusion would be required, but the turbine tip diameter
is larger than that required by the impulse condition limit specified
for the rotor hub. In view of this, an intermediaste value of dT/dC of

1.04 at both stations 3 and 4 was chosen which meets the conditions of
equal hub inlet and outlet relative critical velocity ratios, reasonable
change in the hub-tip ratio, and a minimum turbine size for these re-
gquirements. It should be noted that the value chosen for dT/dC of

1.04 results in a turbine frontal area which is about 8 percent greater
than that of the campressor.

With s stator between the two rotors, the first-stage rotor exit
whirl is not limited as it was for the second stage. Therefore, a selec-
tion of a first-stage rotor exit whirl must be made by an iteration
process based on finding rotor hub inlet and outlet relative veloclities
that are equal at values of rh/rt that glve a satisfactory hub contour.

Instead of assuming values of rotor exit whirl, however, a range of
values of the specific work output contributed by the first-stage rotor
exit whirl was selected because the specific work output is independent

STL?



4116

NACA RM ES56H14 <N 13

of changes in the hub-tip ratio. The effect of thus varying the first-
stage rotor exit whirl on the rotor hub inlet veloclity diasgram is indi-
cated by figures 4(a) and (c), which show that the major effect is &
change in the inlet whirl veloclity with a corresponding change in the
hub inlet relative velocity. Likewise, the effect of varylng the rotor
hub exit whirl on the hub outlet velocity diasgram (figs. 4(b) and (c))
1s, of course, a change in hub outlet relative velocity primarily as a
result of the change in exlt whirl.

The values of first-stsge rotor exit whirl and rh/rt that were
selected are indicated in figure 4(c). These values were chosen at a
relative critical velocity ratio of 0.740, which is approximstely the
same as that chosen for the second-stage rotor (see fig. 3). This
equality of the hub relative velocltles in the two rotors indicates that
the selected work split and turbine- to compressor-tip-diameter ratio
are satisfactory. A side view of the two-stage turbine for the hub-tip
rgtios selected is shown in figure S.

Final Two-Stage Turbine Design

The preceding results show that the two-stage turbine is satis-
factory 1n all respects except for the three-dimensional channel design
problems resulting from using a tip contour of constant radius and a
steep hub contour. Therefore, an Investigation was made as to the possi-
bility of relieving the steepness at the hub and at the same time design-
ing for a constent mean radius throughout the turbine.

In order for the mean radius to be constant, the divergence at the
hub must be equal to that at the tip. For this type of wall divergence,
the tip diameter at the turbine exit had to be increased slightly in
order that the rotor hub velocities would be about the same as those
previously obtained for the two-stage turbine with a constant tip diam-
eter. For the first trial the turbine- to compressor-tip-diameter ratio
dT/dC at the turbine exit was increased from 1.04 to 1.071 (correspond-

ing to & dp of 30 in.). This increase in dp/dy resulted in a change

in the minimm hub-tip ratio from 0.530 to 0.570 for the maximum wvalue
of rotor-blade hub stress T specified (see eq. (4)). The curve in
Pigure 1(b) representing the vasriation in rotor-blade hub outlet rela-
tive critical velocity ratio (W/Wér)h,é for a constaent value of T but

with changes in the tip diameter indicates that (W/wér)h,é incressed

slightly from 0.733 to 0.751 for the corresponding changes in bub-tip
ratio. :

For impulse conditions at the rotor hub and the specified turbine

exit-whirl conditions, the work capascity of the second-stage rotor in-
creases with an increase in the turbine-exit tip diameter because of
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the resulting increase in the mean blade speed. For this reason, the

work output of the second stage was increased from 40 to 42 percent of .
the total turbine work output in order that the size of the first stage

could be smaller than that of the second stage with epproximstely equal

hub relative velocities 1n both stages. If the work spllit between stages

had not been altered, the velocity level in the first stage would have

exceeded that in the second stage for the desired type of divergent hub

and tip contour previously discussed. B

For the gilven values of second-stage work ocutput and rotor outlet
hub-tip ratio, rotor hub inlet relative velocities were calculated for
a range of turbine- to compressor-tip-diameter ratios end hub~tip ratios
at the rotor inlet. The hub-tip ratio for a particular tip-diameter
ratio was calculated on the basgis of a constant mean radius equael to
that at the turbine exit. In figure 6 the value of dT/dc at the rotor

hub inlet corresponding to the rotor hub outlet relative critical veloc-
ity ratio of 0.751 is between 1.040 and 1.060. Also, it can be seen
that a wide range of hub-tlip ratios in this region of dm/dc correspond

to a very small change in the rotor lnlet relative veloclty for the con-
ditions specified. Therefore, the tip dlameter at the second-stage rotor
inlet can be varied to some extent and msy be chosen on the basis of the
velocity level desired in the first stage. For this reason, calculetions .
were made for the filrst stage over a range of tip diameters at the first-

stage rotor inlet and outlet which correspond to a constant divergence

from station 1 to station 4 with equally spaced intermediste statlions

(see fig. 7). By letting the tip dlameter at station 1 vary over a range

fram 27 inches to 30 inches, 1t was found that a value of 28 inches re-

sulted in rotor hub relative critical veloclty ratios of 0.748, 0.747,

0.752, and 0.751 at stations 1, 2, 3, and 4, respectively. Thus, noting

that the velocity levels 1n the two stages are about equal and that hub

and tip divergence is constant and not tooc great for the usual blade

channel design procedures, the finsl turbine was specified to vary fram

a tip diameter of 28 inches at station 1 to 30 inches at station 4 with

a corresponding change in the hub, as shown in figure 7. The veloclty

diagrems at the hub, mean, and tip for these values are shown in fig-

ure 8.

Discussion of Final Deslgn Velocity Dlagrams

In the previous sections considerable attention is paid to the ve-
loclty levels at the rotor hub and alsc the contours at the hub and tip,
but there are other items which have to be congldered in the final de-
sign. For instance, 1t was necessary to provide enough camber in each
blade row sc that there would be sufficient internsal area at each hori-
zontal cross section of the blade for the proposed internal blade cool-
ing arrangement. For this reason, the most critical sectlion for the .

9T
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subject turbine was the tip of the second rotor, as indicated by the in-
let and outlet relative flow angles for that section shown in figure 8.
If, in laying out the blades, the cross-sectional area at the second-stage
rotor tip had been found to be too small to satisfy the cooling require-~
ments, the blade profile would have had to have been changed. In order

to obtain a satisfactory profile, it is possible that the velocity dia-
grams would also require changing. However, a preliminary layout showed
that sufficient area at the tip would be possible without deviating from
present channel design procedures.

Another result which was exeamined during the velocity-diasgram study
was the smaell amount of reaction at the tip of the second-stage stator,
as shown in figure 8. Here the critical velocity ratio at the stator
inlet (V/Voy)y,2 18 0.447 and that at the stator outlet (V/Viop)y 3 1is

0.724., This represents a change in the static- to totasl-pressure ratio
from 0.892 to 0.736, which indicates low reaction. Just how low the re-
action in the second-stage stator can be without substantially affecting
the turbine performance is subject to speculstion; however, it was felt
that the low reaction indicated was not unsatisfactory for the second-
stage stator.

COMPARISON OF TWO-STAGE TURBINE WITH OTHER CONFIGURATIONS

Although the final two-stage turbine configuration meets a1l the
requirements specified herein, it is interesting to compare the two-stage
turbine with a one-stage turbine with and without downstream stator blades
end with a three-stage turbine that would satisfy these same requirements
except for size and velocity level.

A veloclty-diegram study similar to that of the two-stage turbine
was made of & one-stage turbine without a downstream stator, and the re-~
sults showed that its turbine frontal area would be 82 percent greater
then that of the compressor. A one-stage turblne would, also have rotor
hub inlet and outlet relative Mach numbers of gbout 0.87 as compared with
about 0.73 for the two-stage turbine. Some of the good features of a
one-gtage turbine would be g possible reduction in cooling-air require-
ments and simplicity of design.

The next configuration investigated was a one-stage turbine with a
downstream stator which would require a slightly more complex blade
cooling arrangement than that of a one-stage turbine without this addi-
tional stator. The addition of a downstresm stator permits an increase
in the rotor exit whirl and a reduction in the turblne tip diameter to
that value corresponding to impulse conditions at the rotor hub. In con-
sidering an increase in the rotor exit whirl, it should be noted that
the welght flow paremeter is limited by the rotor-blade hub stress <
(see eq. (7)); therefore, for a given stress level the weight flow param-
eter will remsin constant. Thus, sn increase in rotor exit whirl must be
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accompanied by an Increase in the rotor outlet axial velocity. For ex-
emple, a change in the rotor outlet tangentlal critical velocity retio at
the mean section from -0.1 to -0.34 for the subject turbine design cor-
responds to an increase in the rotor outlet axizml critical velocity ratio
from 0.58 to 0.62. This increase in the axial velocity component means
that such & one-stage burbine with a downstream stator would operate
closer to the Limiting-loading condition than elther a one-stage or the
two~stage turbines previously dlscussed, and this axial veloclty component
of 0.82 would exceed the limlt of 0.6 previously specified. However,
counterbalancing the criticalness of the aerodynamic design is a reductlon
in the turbine- to compressor-frontal-srea ratio from 1.82 for a one-stage
turbine to 1.42 for the example given for a one-stage turbine with a
downstream stator. Even with this reduction In frontal area, the size

off a one-stage turbine with a downstream stator was considered to be too
large and its velocltles too critical; therefore, this configuration was
elimineted as a solutlon to the design problem.

The analysis of a three-stage turbine was limited to a design which
had a tip diameter equal to that of the compressor, because 1t was felt
that there would be no adventage in having a turblne smaller than the
compressor. In order that the velocity level in the first two stages
would be as low as possible, the work in the third stage was Ilncreased
until impulse conditions existed at the third-stage rotor hub for a hub-
tip ratio at the rotor inlet which was 0.05 greater than that at the rotor
outlet. Under these comdlitlons, the required speclfic work output thet
would be performed by the third stage was 31 percent of the total. The
remaining 69 percent was dlvided between the flrst and second stages in
the ratio of 36:33. For impulse conditions at the rotor hub for all
three stages, the rotor hub relative critical veloclty ratios were 0.51,
0.58, and C.72 for the first, second, and third stages, respectively.
Thus, the velocity levels of the first two stages would be in a much more
conservative range than those required in the two-stage turbine. Counter-
acting the advantage of a tip dlameter equal to that of the compressor
and the reduced velocity levels compared with the two-stage turbine is
the disadvantage of a more complicated blade cooling arrangement and the
possibility of an increase in the required amount of cooling air if all
three stages had to be cooled.

SUMMARY OF ANALYSIS

For a set of engine conditions suitable for flight at a Mach number
of 2.5, a two-stage turbine configuration and its veloclty dlagrams were
evolved for use in the design of blade shapes. The method used to deter-
mine the velocity diagrems was one In which the turbine frontal areas and
the rotor bub inlet and outlet veloclties were minimized by varying the
hub-tip ratio, the turbine- to compressor-tip-dlameter ratio, and the work
split between the first and second stages. '

STI?
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The final two-stage turbine design had a turbine frontal area that
was only 15 percent larger than that of the compressor and has both
rotors operating at hub lnlet and outlet relative critical veloclity
ratios of about 0.75. A comparison of the two-stage turbine wilth other
turblne conflguratlions showed that the frontal areas of =& one-stage turbine
and a one-stage turbine with a downstream stator was larger than thsat of
the compressor by 82 and 42 percent, respectively, and the velocity level
was more critical. An investigation of a three-stage turbine showed thst
it was more conservative than desired and it was not an improvement over
the two-stage design considering the aerodynamic limits specified and
the difference in the turbine cooling requirements.

Lewis Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Angust 15, 1956
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tip speed.
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and compressor tlp speed. Ratio of first- to second-stage
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